ABSTRACT. Sugarcane smut, caused by the fungus Sporisorium scitamineum, is one of the main diseases that affect sugarcane worldwide. In the present study, the cDNA-SRAP technique was used to identify genes that are likely to be involved in the response of sugarcane to S. scitamineum infection. In total, 21 bands with significant differential expression during cDNA-SRAP analysis were cloned and sequenced. Real-time qPCR confirmation demonstrated that expression of 19 of these 21 differential bands was consistent with the expression observed during cDNA-SRAP analysis, with a deduced false positive rate of 9.5%. Sequence alignment indicated that 18 of 19 differentially expressed genes showed homologies from 19% to 100% to certain genes in GenBank, including the following genes: topoisomerase (EU048780), ethylene insensitive (EU048778), and tetraspanin (EU048770). A real-time qPCR assay showed that during 0-72 h after pathogen infection, expression of the topoisomerase and 6809 Smut-responsive genes in sugarcane ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 14 (2): 6808-6818 (2015) the ethylene insensitive genes was upregulated, whereas expression of the tetraspanin gene was downregulated, identical to the expression patterns observed under salicylic acid treatment. Therefore, all three genes are thought to play a role during S. scitamineum challenge, but with different functions. To our knowledge, this is the first report on the application of cDNA-SRAP in differential gene expression analysis of sugarcane during a sugarcane-S. scitamineum interaction. The results obtained also contribute to a better understanding of the molecular mechanisms associated with sugarcane-S. scitamineum interactions.
INTRODUCTION
Sugarcane is the primary sugar crop in the world and cane sugar accounts for over 75% of sugar production in the world. During the process of sugarcane cultivation, numerous pathogens infect sugarcane and fungal diseases are the main biotic stress. Sugarcane smut is one of the prevalent fungal diseases of sugarcane and is caused by the fungus Sporisorium scitamineum (Lee-Lovick, 1978; Su et al., 2013a) . It can seriously reduce cane and sugar yield and adversely affect juice quality, causing huge economic losses (Hoy et al., 1986) . Since the first report of sugarcane smut in 1877 in the Natal region of South Africa, this disease has been a problem in almost all countries in which sugarcane is grown, with the exception of Papua New Guinea until 1990 (Lee-Lovick, 1978 Chao et al., 1990 ). However, it should be noted that sugarcane smut does not always pose a serious problem because its incidence and severity vary depending on the cultivars grown and the environmental conditions (Que et al., 2012a) .
The smut-resistant mechanism of sugarcane is mainly reflected at the morphological, physiological, and molecular levels (Pinon et al., 1999; de Armas et al., 2007) . The molecular interaction between sugarcane and S. scitamineum has been investigated by different types of molecular techniques, such as cDNA-AFLP (cDNA-amplified fragment length polymorphism) (Thokoane and Rutherford, 2001; Borras-Hidalgo et al., 2005; Lao et al., 2008; Que et al., 2011a) , DDRT-PCR (differential-display reverse transcription-PCR) (Que et al., 2009a) , cDNA microarray (Que et al., 2009b) , TaqMan real-time PCR (Su et al., 2013a) , Solexa sequencing (Wu et al., 2013) , RNA-Seq (Que et al., 2014a) , genome sequencing (Que et al., 2014b) , and 2-DE (two-dimensional gel electrophoresis) coupled with MALDI-TOF-TOF/ MS (matrix-assisted laser desorption ionization-time of flight mass spectrometry) (Que et al., 2011b) . Compared to the cDNA-AFLP technique, cDNA-SRAP has fewer steps, and the operational procedure is much easier to control (Li and Quiros, 2001) . Until now, there have been no reports on the application of the cDNA-SRAP technique in differential gene expression of sugarcane under the stress of S. scitamineum infection, and the molecular interactions revealed by the cDNA-SRAP method may be helpful in improving understanding of the sugarcane smut-resistance mechanism.
Sequence-related amplified polymorphism (SRAP) is a PCR-based molecular marker technique developed by Li and Quiros (2001) to detect coding sequence polymorphisms. It combines simplicity, reproducibility, reasonable throughput ratio, and easy isolation of bands for sequencing. The cDNA-SRAP technique, with cDNA as a template, has been proven to be suitable for analysis of differential gene expression in several plants, including Brassica oleracea (Li et al., 2003; Deng et al., 2007) , Spartina angelica (Lu and Wu, 2006) , B. napus (Ma et al., 2008) and Erianthus arundinaceum (Que et al., 2012b) . Furthermore, the cDNA-SRAP method, together with agarose gel electrophoresis, can overcome the shortcomings of the isotope labeling and silver staining methods by providing a shorter, safer, and less expensive method that requires no special equipment and can be conducted in a typical laboratory (Que et al., 2012b) .
The objective of the present study was to investigate differential gene expression in sugarcane before and after S. scitamineum inoculation using a combined method of the cDNA-SRAP technique and agarose gel electrophoresis. The differential bands obtained from the cDNA-SRAP analysis were then validated using real-time quantitative PCR (qPCR). Finally, the expression profiling of three differentially expressed genes was conducted using real-time qPCR. This study provides experimental evidence for the application of the cDNA-SRAP technique in the differential gene expression analysis of sugarcane during sugarcane-smut interaction and lays the foundation for the isolation of smut-resistant genes from sugarcane, which may have potential applications in sugarcane molecular breeding.
MATERIAL AND METHODS

Plant material and stress treatments
The smut-resistant sugarcane variety NCo376 was used in this study and the inoculum source was S. scitamineum teliospores, which were collected from sugarcane variety F134. Healthy, vigorous sugarcane plants with uniform growth were selected, and the middle stem was cut into double bud stem segments. Sand cultivation was then conducted in an illumination incubator with a constant temperature of 27°C, a light intensity of 440 mol•m
, 12 h light/dark of each day. A 50°C hot water treatment for 2 h was conducted and the detection protocol developed by Albert and Schenck (1996) and Su et al. (2013a) was used to confirm the complete hot water disinfection. All the collected samples were frozen in liquid nitrogen immediately, and stored in a refrigerator at -80°C until RNA extraction.
Stress treatment experiments were conducted on two groups of samples as follows: For group one, inoculation by manual pinpricking was performed at the buds, where three punctures per bud were made with a pin dipped in the teliospore suspension at a concentration of 5 x 10 6 mL -1 (Que et al., 2011a (Que et al., , 2009a . For group two, sugarcane plantlets with a height of 15 cm were transferred into a greenhouse for cultivation in Hoagland nutrient solution. During the six leaves period, evenly growing stalks were selected. After rehydration for 2 d, the stalks were cultivated in Hoagland nutrient solution for one week and 5 mM salicylic acid (SA) was then sprayed onto the leaves (Que et al., 2011a (Que et al., , 2009a . Sampling was conducted at 0, 12, 24, 36, 48, 60 , and 72 h after inoculation for group 1 and after salicylic acid application for group 2. For cDNA-SRAP analysis and real-time qPCR confirmation, mRNA from leaves harvested at the six sampling times (12, 24, 36, 48, 60 , and 72 h) was averaged in equal proportions to produce the template cDNA. A sample inoculated with sterile ddH 2 O was used as the negative control.
RNA extraction and cDNA synthesis
Total RNA from sugarcane leaves was extracted according to the protocol described by Que et al. (2008) . The quantity and quality of extracted RNA was determined using agarose gel electrophoresis and a UV spectrophotometer. RNA was treated with RNase-free DNase I (Amersham Pharmacia Biotech Co., Ltd., Tokyo, Japan) at a ratio of 1 U DNase I to 20 µg RNA and incubated for 20 min at 37°C. First strand cDNA from 10 µg DNase-I-treated RNA and second strand cDNA were generated using a SMART TM cDNA synthesis kit (Clontech Laboratories, Inc., CA, USA).
cDNA-SRAP analysis
The cDNA-SRAP procedure described by Que et al. (2012b) was utilized with a minor modification and the primer sequences were selected from previous reports (Table 1) (Li et al., 2003; Deng et al., 2007; Que et al., 2012b) . The 50 μL cDNA-SRAP reaction contained 5.0 μL 10X PCR buffer (15 mM MgCl 2 plus), 3.75 µL dNTPs (10 mM), 1.25 U Taq DNA polymerase enzyme, 1.5 μL forward and reverse primers (10 μM) respectively, and 100 ng second strand cDNA as the template. PCR cycling conditions comprised an initial cycle at 94°C for 5 min, five cycles at 94°C for 1 min, 35°C for 1 min, and 72°C for 1 min, followed by 35 cycles at 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min, and a final extension at 72°C for 10 min. The primers used in cDNA-SRAP analysis are shown in Table 2 .
The cDNA-SRAP amplified products were concentrated to approximately 10 μL using a centrifugal freeze drying system (Martin Christ, Germany) (Que et al., 2012b) . The total volume was loaded onto a 1.6% agarose gel (containing 0.1% Ethidium bromide) for electrophoresis and imaged with a Bio-Rad Gel Imaging System (Hercules, CA, USA). The Agarose SFRTM was purchased from Sangon Biological Engineering Technology and Services Co., Ltd, Shanghai, China.
Function annotation of differentially expressed genes
The differentially expressed genes obtained were subjected to a BlastX similarity search analysis against the NCBI protein database and annotated according to their homologies with known protein sequences (Que et al., 2012b; Su et al., 2014a) .
Real-time qPCR confirmation and expression profile analysis of differentially expressed genes
Real-time qPCR confirmation was performed for all of the 21 differential bands screened in the cDNA-SRAP analysis. Three differentially expressed genes of interest, topoisomerase gene (EU048780), ethylene insensitive gene (EU048778), and tetraspanin gene (EU048770), were selected for expression profile analysis. Primers specific to the sugarcane 25S rRNA gene were used for normalization of the reactions (Ling et al., 2014) , and real-time qPCR primers were designed using Primer premier 5.0 (Table 2) .
Real-time qPCR was performed in an ABI PRISM 7500 Real-Time PCR System (Life Technologies, CA, USA). The amplification reaction contained 2.5 μL (40 ng/μL) second strand cDNA template, 12.5 μL SYBR Primix ExTaq (2X), 0.5 μL each forward and reverse primers (10 μM), and 9.0 μL sterile water to a final volume of 25 μL. Each sample was replicated three times. The following thermal cycling profile was used: 5°C for 30 s; 40 cycles of 95°C for 5 s, and 60°C for 34 s. When the reaction finished, the melting curve was analyzed. Fold change in gene expression was estimated using threshold cycles and the 2 -△△CT method (Livak and Schmittgen, 2001; Pfaffl, 2001; Su et al., 2013b Su et al., , 2014b .
RESULTS
cDNA-SRAP analysis
cDNA-SRAP fingerprints of sugarcane before and after inoculation with S. scitamineum were developed using 50 primer combinations. Of these 50 combinations, seven generated 28 different bands from a total of 170 bands (data not shown). In order to ensure reliability of differential expression, only 21 bands with significant differential expression were cloned and sequenced. These 21 bands were cDNA-SRAP markers assumed to respond to inoculation by S. scitamineum. The band sequences and their corresponding primer combinations are illustrated in Table 1 . Among these bands, 12 were upregulated and nine were downregulated (Table 3) . 
Real-time qPCR confirmation of 21 differential bands screened in cDNA-SRAP analysis
The primers were designed based on the sequences of 21 different bands identified in the cDNA-SRAP analysis (Table 2) , and cDNA from sugarcane before and after the stress of S. scitamineum infection was selected as the template (the same as that used in the cDNA-SRAP analysis). The results demonstrate that the expression of 19 of 21 different bands by real-time qPCR is consistent with the expression observed using cDNA-SRAP analysis, with the exception of EU048777 and EU048787 (Table 3 ). The deduced false positive rate was (21-19)/21 = 9.5%.
Gene function annotation of 19 differentially expressed genes screened in cDNA-SRAP analysis
Sequence alignment indicated that 18 of the 19 differentially expressed genes showed homologies from 19 to 100% to certain genes in GenBank, while the remaining gene (EU048790) showed no significant homology with reported genes (Table 3) .
Expression profile analysis of three differentially expressed genes by real-time qPCR
A real-time qPCR assay was used to validate the expressions of three differentially expressed genes in sugarcane infected with S. scitamineum (Figures 1, 2, and 3) . The smutNo.
Primer code Forward primer sequence (5'-3') Reverse primer sequence (5'-3') No significant similarity found *Denotes differentially expressed genes upregulated in sugarcane infected by Sporisorium scitamineum, and the remaining genes downregulated. EU048777 and EU048787 are the two genes with different expression patterns between cDNA-SRAP analysis and real-time qPCR confirmation. Table 3 . Differentially expressed genes during sugarcane-smut interaction identified using cDNA-SRAP analysis and their homologies to genes in GenBank.
resistant genotype NCo376 was selected as the plant material. The results showed that during 0-72 h after pathogen infection, the topoisomerase and the ethylene insensitive genes were upregulated, whereas the tetraspanin gene was downregulated, the same responses as those observed under SA treatment. Therefore, all three differentially expressed genes may play a role during S. scitamineum infection; however, with different functions. This also suggests that the smut-resistance function mechanism differs among these three genes. 
DISCUSSION
Plant disease resistance is the result of mutual adaptation and selection between the plant and pathogen during long-term co-evolution (Graham and Graham, 1991) . A series of physiological and biochemical changes, along with molecular responses, are assumed to occur during the period from the beginning of the S. scitamineum stress on sugarcane due to infection by the pathogen to the interaction between sugarcane and S. scitamineum (Pinon et al., 1999; Thokoane and Rutherford, 2001; Borras-Hidalgo et al., 2005; de Armas et al., 2007; Lao et al., 2008; Que et al., 2009a Que et al., ,b, 2011a Que et al., ,b, 2014a Su et al., 2013a; Wu et al., 2013) . In the present study, the polymorphic bands of the cDNA-SRAP gel showed abundant alterations among sugarcane before and after the stress of S. scitamineum infection, suggesting that cDNA-SRAP could become an effective technique to globally compare differential gene expression in sugarcane during sugarcane-smut interactions.
Previous research has revealed that cDNA-SRAP is a simple, reproducible, and reasonable-throughput approach for the comprehensive analysis of differential gene expression at the cDNA level (Li et al., 2003; Lu and Wu, 2006; Deng et al., 2007; Ma et al., 2008; Que et al., 2012b) . In the present study, cDNA-SRAP along with agarose gel electrophoresis, was adopted to analyze how genes in sugarcane function during sugarcane-S. scitamineum interactions. In total, 21 differential bands, 12 upregulated and 9 downregulated, were identified, showing the high-throughput efficiency of the cDNA-SRAP technique. Through realtime qPCR confirmation, the expression of 19 of these 21 genes was found to be consistent with that observed using cDNA-SRAP analysis, and the remaining two were false positive, accounting for only 9.5%. This rate, when compared with a false positive rate of almost 70% in DDRT-PCR, is a distinct advantage (Que et al., 2009a) ; however, the rate is slightly higher than the 6.5% observed in cDNA-SRAP analysis of E. arundinaceum (Que et al., 2012b) . From this point of view, the cDNA-SRAP technique is a feasible and relatively stable technique that can be employed in the study of differential gene expression in sugarcane during the sugarcane-smut interaction.
Identification of differentially expressed genes under certain circumstances is likely to provide clues as to what types of defense mechanisms and biochemical pathways are regulated under this type of stress (Sävenstrand et al., 2000) . In the present study, all of the 21 differential bands obtained in the cDNA-SRAP analysis were selected for sub-cloning and sequencing, of which 19 were further validated to be truly differentially expressed genes using real-time qPCR. Bioinformatic analysis indicated that all of the 19 differentially expressed genes obtained in this study may play a role in the interaction response of sugarcane to the S. scitamineum challenge, but with different functions. The differentially expressed genes are involved in several different metabolic pathways, such as transcription repair, cell division, and acyl-CoA synthetase. It should also be noted that, although the sequence alignment of 19 differentially expressed sugarcane genes that emerged from the cDNA-SRAP analysis do not appear to be directly linked with the stress of S. scitamineum because of their differential expression before and after the S. scitamineum infection and the complex nature of the smut resistance mechanism, they could be smut-responsive genes in sugarcane. Based on the above results, a complicated gene and protein regulatory network is assumed to be involved in the interaction of the sugarcane-S. scitamineum biosystem.
The signal factor SA is a monohydroxybenzoic acid, a type of phenolic acid and a beta hydroxy acid. It has been proven to play an important role in signal transduction and the resistance response of plants during the early stages of infection, such as the hypersensitive response and systemic acquired resistance (Durner et al., 1997) . Topoisomerases are isomerase enzymes that act on the topology of DNA and regulate the overwinding or underwinding of DNA (Champoux, 2001) . The ethylene insensitive gene, a bifunctional transducer of ethylene and stress responses, is a central component of the ethylene signaling pathway (Alonso et al., 1999) . This gene has been shown to be involved in the activation of ethylene responses and the restoration of responsiveness to abiotic and biotic stresses, including abscisic acid and jasmonic acid treatment, ozone stress, high salt stress, oxidative stress, and disease resistance (Cao et al., 2006; Wang et al., 2007; Que et al., 2012b) . Tetraspanins, also called tetraspans or the transmembrane 4 superfamily (TM4SF), are a family of membrane proteins found in all multicellular eukaryotes (Hemler, 2005) . They are often thought to act as scaffolding proteins, anchoring multiple proteins to one area of the cell membrane (Hemler, 2005) . In this study, under the stress of S. scitamineum, the expression profiles of three differentially expressed genes (the topoisomerase gene, the ethylene insensitive gene, and the tetraspanin gene) were the same as those observed under SA treatment. This further confirms that these three genes could be smut-responsive genes during sugarcane-S. scitamineum interactions. The upregulation of the topoisomerase (EU048780) and the ethylene insensitive (EU048778) genes may indicate their positive responses to smut stress, while the downregulation of the tetraspanin gene (EU048770) indicates its negative response to smut stress. These three genes are assumed to be involved in both plant defense responses and sugarcane smut resistance, and further research is needed to determine their usefulness in breeding new smut-resistant sugarcane cultivars.
For the first time, the present study reports differential gene expression in sugarcane during the sugarcane-S. scitamineum interaction using cDNA-SRAP along with agarose gel electrophoresis. These results also provide some molecular biological evidence for the mechanisms associated with the sugarcane-S. scitamineum interaction.
